Ultracentrifuge experiments were performed on a miscible alloy of In-Pb system to study the sedimentation of atoms and phase equilibrium under a strong gravitational field (maximum acceleration: 10 6 g level, temperature: below melting point (solid), starting state: intermediate -phase (fct, c 0 =a 0 < 1), time duration: 30-150 h). All centrifuged samples formed graded structure. The Pb content continuously increased, and conversely, the In content decreased in the direction of gravitational field. For the centrifuged sample of 100 hours in time duration, Pb-rich phase (fcc) and In-rich phase (fct, c 0 =a 0 > 1) appeared at the strong-and weak-gravitational field sides of the sample, respectively, from starting state of -phase, and the continuous changes in lattice parameters were observed in each phases. These observation results showed that the graded structure was continuous in atomic scale, and was formed by the sedimentation of substitutional solute atoms. Composition profiles of the centrifuged samples for 31.3 h, 60 h and 150 h showed that the composition change reached the steady state within 60 hours. As a result of the simulation of sedimentation process, the diffusion coefficient for sedimentation was estimated to be about 8 times larger than that for usual diffusion. The present result indicated that the diffusion mechanism of the sedimentation in this system was different from the conventional ones.
Introduction
While micro gravity field (10 À6 $ g) has been used in many fields, the materials science under a strong gravitational field (mega-gravity field: $10 6 g) is remained unexplored. Sedimentation of atoms in condensed matter can be used to control the concentration of elements or even isotopes, and to change the crystal structures, based on differences in atomic weight and volume. Also it can be used to form nonequilibrium composite structures such as graded structure on the atomic scale, nonstoichiometric structure, metastable solution structure, etc. in solids. Such materials are expected to show unique electric and optical properties. However, the sedimentation of atoms is very difficult to realize in solids or liquids, because the chemical potential of the atoms is usually much greater than the mechanical energy. No sedimentation of substitutional solute atoms in alloys or compounds has ever been reported until our previous study on an allproportional miscible alloy of the Bi-Sb system. 1, 2) To study the sedimentation of atoms or crystal-chemical change in solids under a strong gravitational field, we had developed two ultracentrifuges in Kumamoto University (1997) and in Japan Atomic Energy Institute (JAERI) (2003) that can generate an acceleration of over 1 Â 10 6 g for long time duration at elevated temperature. 3, 4) In-Pb system has three different phases depending on the composition (Fig. 1) . In-rich phase (f.c.tetragonal phase, c 0 =a 0 > 1), intermediate -phase (f.c.tetragonal phase, c 0 =a 0 < 1) and Pb-rich phase (fcc phase) appear in the composition of 0 to about 15 at%, 12 to 32 at% and 31 to 100 at% in Pb content, respectively, at the standard state. [5] [6] [7] [8] The single phase sample of the intermediate -phase in In:Pb = 80:20 at% was prepared for starting sample. We had reported the preliminary experimental result for this system. 9) This Experiment was performed using the ultracentrifuge of JAERI one, 4) and it was confirmed that the obtained graded structure was continuous in atomic scale, and was formed by the sedimentation of substitutional solute atoms.
In this study, we were going to perform the experiments changing time duration and the simulations of the sedimentation process to discuss the diffusion mechanism. The ultracentrifuge of JAERI one is not suitable for this kind of experiment. It needs 3 or 4 hours to reach aiming temperature and 5 or 6 hours to cool the sample before release the gravity. So, we used the ultracentrifuge of Kumamoto Univ. one. It needs only 1 hour to reach aiming temperature and 0.5 hour to cool the sample. At first, we examined the reproducibility comparing the experiment result of Kumamoto Univ. one with JAERI one. After that, we performed the experiments 
Procedures
The conditions of ultracentrifuge experiments were shown in Table 1 .
The Experiment-I J 100 h was performed using the ultracentrifuge of JAERI one. 4) The maximum radius of the sample was 30.5 mm. Gravitational field of 10 6 g on the sample was to be accomplished at the rotational speed of 171200 rev.min À1 . The other experiments were performed using the ultracentrifuge of Kumamoto Univ. one.
3) The maximum radius of the sample was 18.6 mm. Gravitational field of 10 6 g on the sample was to be accomplished at the rotational speed of 219200 rev.min À1 . Here, the gravitational field GðgÞ was expressed as GðgÞ ¼ mr! 2 =9:80665 (m: mass, r: radius from the rotational axis, !: angular velocity). So, it should be noted that the magnitude of GðgÞ was proportional to the sample radius. Also, the energy in gravitational field EðgÞ was expressed as EðgÞ ¼ ð1=2Þ Â ðmr 2 ! 2 =9:80665Þ. So, it should be noted that the magnitude of EðgÞ was proportional to the square of sample radius. Two types of Ti alloy capsules were used for experiments. The schemes of the capsules with samples are shown in Fig. 2 . Type-I capsules were used for Experiment-I and the previous our studies. 1, 2, 9) Type-V capsules were used for Experiment-V. The column shaped sample can be lay perpendicular to the centrifugal force with Type-V capsule. It helped us to discuss the sedimentation process of atoms comparing with the simulation result. In all experiments except for Experiment-I J 100 h , it took 1 hour to reach aiming experimental conditions (temperature, rotational speed), and also it took 0.5 hour to cool the sample temperature down to 100 C before release the gravity. These times were not counted in these experiments.
The starting sample for Experiment-I J 100 h was prepared melting In and Pb shots in the ratio In:Pb = 80:20 (at%) in Pyrex test tube at 500 C for 20 minutes under an Ar atmosphere, and annealing for 5 hours to get uniform state. The lamp shaped sample was cut into column shape piece with a diameter of 5 mm, and it was set into Type-I capsules. The starting sample for Experiment-I K 100 h was prepared melting In and Pb powder mixture in the Type-I capsule with an inner diameter of 3 mm at 223 C for 20 minutes under an Ar atmosphere, in which -phase was formed by means of mechanical milling as pre-mixing in the ratio In:Pb = 80:20 (at%) to achieve uniform state. The starting samples for Experiment-V were prepared melting In and Pb shots in the ratio In:Pb = 80:20 (at%) at 400 C for 20 minutes in the glass tube that has an inner diameter of 3 mm under Ar atmosphere, and it was cut into several pieces with thickness of 1.2-1.5 mm, and they were set into Type-V capsules. It was confirmed that all of starting samples consisted of the intermediate -phase (fct, c 0 =a 0 < 1) by means of X-ray diffraction analysis (Micro-area XRD: RINT2500VHF, Rigaku Ltd., Tokyo, Japan), and they were uniform in the ratio In:Pb = 80:20 (at%) by means of component analysis using Electron Probe Micro Analyzer (EPMA: JXA-8900R, JEOL Ltd., Tokyo, Japan).
The component analysis and X-ray diffraction analysis for centrifuged samples were also carried out using the EPMA and the Micro-area XRD.
The simulations based on the self-consistent theory were carried out. 10, 11) The simulation program (FORTRAN) presented in Ref. 12 was used. We can simulate the change in the composition profiles under gravitational field. We can also estimate diffusion coefficients for sedimentation to that for conventional diffusion by the internal chemical potential comparing the composition profiles with the experimental result and the simulation result. The simulation conditions were summarized in Table 2 . Here, Q was the ratio of the diffusion coefficient for sedimentation (D 2 ) to that for usual diffusion by the internal chemical potential (D 1 ), and it was described as Q ¼ D 1 =D 2 ¼ 1 þ ln @ðÞ=@ lnðcÞ by using the following chemical potential representation: ¼ 0 ðTÞ þ kT lnðcÞ, where was the activity coefficient. 11, 12) In addition, we assumed that the diffusion coefficients for two components were equal in this simulation because there were no experimental or calculation report for the diffusion coefficients in In-Pb alloy. Figure 3 shows the microscope photograph of the centrifuged sample of Experiment-I From the linear composition profiles of In and Pb, it was confirmed that the composition profiles were homogeneous in sub-micron scale in whole area of the sample.
Results and Discussions

Experiment-I
The Micro-area XRD measurement was performed on the centrifuged sample of Experiment-I K 100 h along h-h 0 line (in Fig. 4 ). Figure 6 shows the micro-area XRD patterns in region Y divided into the representative area A, B and C together with that of the starting sample. These patterns showed that the crystal structures in the areas A, B and C were In-rich phase (fct, c 0 =a 0 > 1), intermediate -phase (fct, c 0 =a 0 < 1) and Pb-rich phase (fcc), respectively. This result suggested that fct phase (c 0 =a 0 < 1) and fcc phase appeared at the low-and high-gravitational field regions, respectively, from the starting state of fct phase (c 0 =a 0 > 1). These phase transitions were also observed in Experiment-I J 100 h . This result clearly showed that the composition change was caused by the sedimentation of atoms. Figure 7 shows the lattice parameters in each phases obtained by the XRD patterns versus the distance from the right edge of the sample of Experiment-I K 100 h . In the Pb-rich phase and the -phase, the lattice parameters tend to become large with the Pb content. The lattice parameters of -phase varied from a 0 ¼ 0:485 nm, c 0 =a 0 ¼ 0:934 at a distance of 2500 mm to a 0 ¼ 0:490 nm, c 0 =a 0 ¼ 0:931 at a distance of 1000 mm. And, the lattice parameter of the Pb-rich phase increased from a 0 ¼ 0:481 nm at a distance of 1000 mm to a 0 ¼ 0:483 nm at a distance of 100 mm. The regular shifts of lattice parameter with composition were also observed in Experiment-I J 100 h . This result showed that the graded structure was continuous in atomic scale.
Through the analysis and observation, it was confirmed that these obtained graded structures of In-Pb system alloy in Experiment-I K 100 h were continuous in atomic-scale, and were formed by the sedimentation of substitutional solute atoms.
In the region X, the composition profiles were almost flat in the ratio In:Pb = 88:12 (at%) same composition profiles as the left edge of the region Y (Fig. 4 and Fig. 5 ). Such region was not seen in the centrifuged sample of Experiment- 
In:Pb = 80:20 at% 205000 0:88 Â 10 I J 100 h . It was considered that this area had melted in the experiment. The aiming experiment temperature was 5 C higher than that of Experiment-I J 100 h and the ripple of temperature control was AE5 C, i.e. the maximum experiment temperature was higher than that of Experiment-I J 100 h by 10 C (Table 1) . So, the sample temperature reached the melting point due to the dropping of melting temperature caused by composition changes in the region. It was considered that the convection due to the unstable temperature control occurred and prevented to form the graded structure in liquid state. We also considered that it was caused by the difference in chemical activity between solid state and liquid state. In this case, it could be considered that the chemical activity was much grater in liquid than solid. 10, 11) 
Experiment-V
We performed the series of Experiment-V to investigate the time dependence of composition change experimentally. These experiments were performed at lower temperature than 150 C to prevent the melting in experiments. Figure 8 shows the plots of the composition profiles of three centrifuged samples (31.3 h, 60 h and 150 h) by means of EPMA line analysis. The Pb content continuously increased, and the In content decreased in the direction of centrifugal force in every experiment as same as Experiment-I. The composition change of Experiment-V 60 h was much notable than that of Experiment-V 30 h . The composition profile of Experiment-V 150 h was almost the same state as that of Experiment-V 60 h in spite of time extension. So, it was concluded that composition profiles gradually changed with time and reached the steady state within 60 hours. Figure 9 shows the simulation result for In-Pb (80:20 at%) system together with the experimental composition profiles of Experiment-V 60 h . Here, the plot in vertical axis was composition, and the plot in horizontal axis was distance from the axis of rotation. The starting composition profiles were uniform in the ratio In:Pb = 80:20 (at%). In the simulation, the content of Pb gradually increased in the direction of centrifugal force, and that of In increased to the opposite direction with time. Composition changes of both elements were notable near edges of the sample on the way of sedimentation process. This was because atoms gradually accumulated there by the boundary condition that fluxes of atoms were zero at edges of the sample. Finally, the changes in composition profiles converged to the respective steady states. In the series of Experiment-V, it was concluded that the composition profiles reached the steady state within 60 hours. The simulation result for around Q ¼ 1=8 had rather comparable steady state to the experimental one. This meant that the diffusion coefficient of the sedimentation (D 2 ) was estimated to be about 8 times larger than that for usual diffusion, and to be about 10 À7 cm 2 /s. This D 2 value was as large as the diffusion coefficient in liquid state. 8) This indicated that the diffusion mechanism of the sedimentation in this system was different from the conventional ones.
Simulation of sedimentation process
The samples were exposed in pressure (0.1-1 GPa) under ultracentrifuge experiment. Vacancies usually would decrease in high-pressure field, so such fast diffusion phenomena could not be reasonably explained by the usual vacancy mechanism. We would like to propose possible two types of diffusion mechanism. One is a mechanism in which substitutional solutes could push open the lattices and act like an interstitial solute under such a strong gravitational field. The other is a mechanism in which vacancies increase in spite of high-pressure to lower the internal energy that was raised by the lattice strain caused by the large body force. The vacancies move very fast in the opposite direction of the gravitational field interchanging themselves and atoms. We are going to have the measurement of vacancy concentration using positron lifetime spectroscopy to get information to examine the diffusion mechanism.
Conclusion
Ultracentrifuge experiments were performed on a miscible alloy of In-Pb system. It was experimentally cleared that the composition profiles gradually changed with time and the change of composition profiles converged to steady state within 60 hours in case of the experimental conditions. And it was found that the diffusion coefficient for sedimentation was about 8 times larger than that for usual diffusion. According to the simulation, the diffusion coefficient for the sedimentation (D 2 ) could be estimated as about 10 À7 cm/s 2 in the case of these experimental conditions. The present result indicated that the diffusion mechanism of the sedimentation in this system was different from the conventional one. 
